In Xenopus oocytes injected with rat brain mRNA, as in neurons, glycine greatly potentiated responses of the N-methyl-D-aspartate (NMDA) type of excitatory amino acid receptor. Injected oocytes generated a partially desensitizing inward current in response to NMDA with 30 nM added glycine. As the added glycine concentration was increased from 30 nM to 1 1AM, the NMDA response was increased and exhibited less desensitization. The relationship between the NMDA peak response and added glycine concentration indicated a single component response with apparent affinity of 0.29 1iM and a Hill coefficient of 0.77. The desensitized response was also fit by the Hill relation with a lower affinity but similar coefficient. The time course of desensitization at 500 ,LM NMDA was exponential with a time constant (350 msec) that was independent of glycine concentration between 0.03 and 0.3 ,uM. At higher glycine concentration a slower component of decay (x = 1.4 sec) was observed. This component was enhanced by increasing the extracellular Ca2". NMDA without added glycine evoked a small transient response. However this response was suppressed completely by prewashing with the glycine antagonist 7-chlorokynurenic acid, suggesting that it may have been due to glycine contamination. The doseresponse relation for low concentrations of glycine indicated that the measured level of glycine contamination accounted for these responses. These results indicate that glycine has at least two actions at the NMDA receptor: it enables channel opening by the agonist and decreases desensitization.
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Of the receptors activated by the excitatory amino acid neurotransmitter glutamate, the N-methyl-D-aspartate (NMDA) receptor-channel complex has attracted considerable attention due to its proposed roles in physiological as well as pathological phenomena. The NMDA receptor complex has been implicated in long-term potentiation (1-3), learning (4) , developmental structuring (5, 6), hypoxic damage (7), epilepsy, and kindling (8) . The NMDA receptor has a number of regulatory sites including a binding site within the channel for Mg2" that blocks the agonist-induced current in a voltage-dependent manner (9, 10) , a binding site (also within the channel) for phencyclidine (PCP) and other PCP receptor ligands (11, 12) , an inhibitory site for Zn2+ (13, 14) , and a high-affinity site for glycine (15, 16) . Glycine acts at this site to potentiate NMDA-induced currents. At the single channel level in the steady state, glycine increases the frequency of channel opening by NMDA agonists without significantly altering the mean open time or single channel conductance (15) . Glycine does not affect either NMDA receptor affinity or Hill coefficient (17) .
The NMDA receptor-channel complex is expressed in Xenopus oocytes after injection of mRNA isolated from rat brain (16) (17) (18) or from the clonal cell line NCB-20 (19) . The characteristics of these receptors are typical of neuronal NMDA receptors. NMDA-induced currents are inhibited competitively by D-2-amino-5-phosphonovaleric acid (APV) and noncompetitively by Zn2W, Mg2+, and PCP and related compounds. Block by Mg2+ is voltage dependent, being greater at more inside negative potentials (16, 20) . Block by PCP is voltage and also use dependent in that it is greatly speeded in the presence of agonist (16, 17, 20) . In addition, the NMDA-induced responses are dramatically potentiated by the presence of glycine (16) (17) (18) (19) 21) . Thus, the known features of the NMDA receptor are reproduced by this expression system.
In the course of our earlier experiments, we observed that with slow application, glycine was required for any NMDA response (ref. 16 ; see also ref. 21 ). However, with rapid application, a small inward current was generated at the onset of NMDA application in the presence of 10 nM added glycine or without added glycine (19) . An initial interpretation of these results was that NMDA receptors desensitize to a greater extent at low glycine levels, a phenomenon recently reported for cultured hippocampal neurons (22) . Also, these data raised the possibility that transient responses might occur in the absence ofglycine and that failure to record them was due to desensitization during slow application of NMDA. In the present report we document that desensitization of NMDA receptors is reduced by glycine. However, this desensitization does not account for the absence of responses without added glycine; rather the responses that are sometimes seen in "zero glycine" appear to be due to glycine contamination.
MATERIALS AND METHODS
Poly(A)+ RNA was prepared from whole brains of adult rats as described (16, 17, 19) . In brief, total RNA was extracted by modification of the method of Ullrich et al. (23) (25) .
RESULTS

Glycine Decreases Desensitization of NMDA-Induced Cur-
rents. The response to 500 AM NMDA in the presence of 1 AM glycine was a rapidly rising inward current that decayed from a peak value to a steady state. We shall argue that the decay is largely desensitization at this and lower levels of glycine. At higher glycine levels additional mechanisms are involved that may include Cal+-dependent inactivation of NMDA channels, reducing the steady-state current, and transient Ca2' activation of Cl-channels, increasing the peak. The maximum rate of rise of responses to NMDA and glycine was obtained when NMDA and glycine were added after several seconds of preapplication of the same concentration of glycine (Fig. LA) . If NMDA were applied first, followed by NMDA plus glycine, or if NMDA and glycine were applied simultaneously, the responses were more slowly rising (Fig. 1B) . To achieve the most rapidly rising responses, which was important in measuring desensitization, glycine was routinely applied 5-10 sec prior to application of NMDA together with the same concentration of glycine. The faster rate of rise observed when NMDA was applied after glycine pretreatment may reflect faster kinetics of channel opening. Deactivation of the response was also faster when NMDA was washed out in the presence of glycine than when glycine was removed in the presence of NMDA.
When the concentration of glycine was varied, the response to NMDA was larger at higher concentrations and also altered in shape ( Fig. 2A) . The peak of the response was potentiated to a lesser degree than was the steady state-i.e., desensitization was reduced (Fig. 2B) . In responses to 500 p.M NMDA, increasing the added glycine concentration from 0.03 to 1 puM increased the peak by 8 ± 1.6 times (mean + SEM, n = 5) and the steady state by 26 ± 5.3. The average ratio of potentiation of the steady-state current to potentiation of the peak current was 3.2 ± 0.3 (mean ± SEM, n = 5). Similar results were obtained at 100 p.M NMDA.
A B
NMDA 100 ,M + When 500 ,uM NMDA was applied in the presence of 0.03-1 ,uM glycine, the time course of desensitization could be described by a single exponential decay with a similar time constant for each glycine concentration (mean of 291 msec in Fig. 3A , pooled data: 350 ± 30 msec, mean ± SEM, n = 4). However, when glycine concentration was further increased to 3-10 4M, the overall decay was slowed and slightly increased in magnitude (Fig. 2C) ; desensitization in this range of glycine concentration was better described as the sum of two exponentials (X1 = 387 ± 45 msec and T2 = 1.4 ± 0.12 sec, n = 3, Fig. 3B ). These data indicate the appearance of an additional mechanism of decay of NMDA-induced current. This kind of decay was slower and may have been current dependent, because it was larger at more hyperpolarized holding potentials (not shown). In order to determine whether the faster component of the response to 500 ILM NMDA was further reduced at high glycine levels (1-10 MM), the amplitudes of the two exponentials accounting for the decay process and the steady-state to peak ratios that each would produce in the absence of the other were determined for 1, 3, and 10 ,uM glycine. Although the total decay in current was slightly greater at 10 than at 1 and 3 ,uM glycine (Fig. 2C) , the faster component was not significantly reduced at the higher glycine levels (ratios: 0.73 ± 0.08 at 1 ,uM, 0.79 ± 0.06 at 3 ,M, and 0.81 ± 0.06 at 10 ,uM glycine, n = 3 or 4). With 100 ,uM NMDA the decays at low glycine levels were somewhat slower and less marked than with 500 p.M NMDA (Fig. 4 A and B) . The time constant was the same for 0.03, 0.1, and 0.3 ,pM glycine (mean ± SEM, 459 ± 19, pooled data, 5 oocytes), and more slowly developing attenuation of the response was clearly observed at higher glycine concentrations (T = 1-2 sec for 1 ,4M glycine).
The relation between the peak inward current elicited by a saturating concentration of NMDA (500 p.M) and added glycine concentration indicated a single component response (not illustrated; see refs. 14, 17). Hill analysis gave an apparent affinity (Kd) for glycine of 0.29 ± 0.071 p.M (mean ± SEM, n = 4 oocytes) and a Hill coefficient not far from unity (0.77 ± 0.06). Although the assumptions used in deriving the Hill equation do not necessarily apply to the desensitized state, Hill analysis of the steady-state responses gave a larger Kd (1.2 ± 0.26 ,uM) but a similar coefficient (0.99 ± 0.06). Thus, the desensitization could be described as a change in apparent affinity for glycine with no change in cooperativity. The effect of glycine on desensitization can be illustrated by plotting the ratio of steady-state to peak NMDA is the glycine concentration, Kdp and Kd,, are the apparent affinities for glycine at the peak and steady state, respectively, and R is the ratio at saturating glycine. Although NMDA desensitization was practically absent at 100 tLM NMDA and 1-10 gM glycine (R = 0.99), a substantial degree of decay remained at 500 tLM NMDA and 1-10 ,uM glycine (R = 0.71). response vs. added glycine (Fig. 4C) . At 100,4M NMDA thi ratio was 0.36 ± 0.09 at 0.03 MLM glycine and close to unit: at 1 ,M glycine (0.92 ± 0.02, n = 10). At 500 MLM NMDj these ratios were smaller at all glycine levels and approache4 a maximum value of 0.67 ± 0.05 (n = 5) at 1 uM glycine.
Increasing the concentration of extracellular Ca2+ from 0.' to 10 mM enhanced the NMDA-induced currents and in creased the extent of decay (Fig. 5 ). Current attenuation a high Ca2' developed with a slower time course, which als( required a second exponential for a reasonable fit (X1 = 31: msec, r2 = 1.6 sec, n = 2). The amplitudes of fast and slov components of decay were increased. In the example showi in Fig. 5 , the ratio of the fast component to the peak wag increased by 48% in high Ca2 , whereas the ratio of the slo% component to the peak was increased by 100%. A few observations at low glycine levels also indicated that Ca24 enhanced the fast component of current decay.
Is There Any NMDA Response at Zero Glycine? NMDA responses are very small at low glycine levels, and we and others have published dose-response curves for glycine at constant NMDA indicating an absolute requirement for glycine (16, 19, 21) . Now, the observation that desensitization is increased at lower glycine levels suggests that brief NMDA responses might occur in the absence of glycine. However, contaminating glycine is extremely difficult to avoid. Our background levels of glycine were 40-50 nM determined by HPLC. In our preparations, application of NMDA with no added glycine produced a small, brief inward current at the onset of application and a small, slowly rising maintained component (Fig. 6A) . The transient was blocked by a low concentration of 7-Cl-KA (10 AM) (Fig. 6B) , suggesting that it was dependent on (contaminating) glycine. The maintained component was not blocked by a high concentration of APV (100 AM) (Fig. 6C) , evidence that it was not generated at conventional NMDA receptors. A similar response was reported earlier (21) . The transient response was progressively increased when glycine was added, and a larger and presumably APV-sensitive sustained response occurred after the initial transient (Fig. 5D ). At these low levels, the relation between glycine concentration and peak response was linear (Fig. SE) ; extrapolation to zero response amplitude gave a concentration of -63 nM (five oocytes). These data are consistent with the glycine contamination level of 40-50 nM in the distilled water and NMDA solutions used, and we conclude that no response would have been obtained without contamination and without added glycine. and NMDA response for steady state as compared to that for the peak. The reduction in apparent affinity for glycine of the NMDA receptor in the steady state is suggestive of an NMDA-induced conformational change to a state with reduced affinity for glycine (22) . An important issue is whether either Ca2 -activated C1 currents or Ca2+-mediated decrease in NMDA current is responsible for the apparent desensitization of NMDAinduced responses. Although Ca2+ influx appears to be important in the slower decay of NMDA responses at higher Ca + and current levels, it is unlikely to be involved at low glycine concentrations. At these levels increasing glycine increases the peak and steady-state current and presumably therefore Ca2+ influx but reduces the extent of decay, a finding consistent with true desensitization. A further issue is whether glycine is necessary for NMDAinduced responses. In the absence of added glycine, NMDA induced a small transient response. Although precautions were taken to avoid glycine contamination (use of disposable glassware, solutions prepared daily, etc.), the basal level of glycine in the highly purified water was 40-50 nM as revealed by HPLC analysis, a level similar to those reported previously (21) . The NMDA and glutamate used did not introduce additional glycine, but this normal contamination level would account for the small responses obtained in the absence of added glycine, and extrapolation of the dose-response curve to zero response predicted this level of contamination. Furthermore, these transient responses were totally suppressed by prior washing with a low concentration of 7-Cl-KA, an antagonist at the glycine binding site (26) . To be sure, one cannot rule out the possibility that 7-Cl-KA acts as an inverse agonist-i.e., that it decreases NMDA responses below the level that they would have if the glycine site were unoccupied.
The proposal that glycine is required for activation of NMDA receptors was stated most emphatically in ref. 21 (but see also refs. 20, 27) ; however, this work did not exclude the possibility that at zero glycine NMDA channels might open and rapidly desensitize. Two aspects of our current study Neurobiology: Lerma et al. make this possibility unlikely. With our recording and per--fusion system we should see summed inward currents as small as 1% of the peak current at 100 msec. If the same number of channels opened at all concentrations of glycine and the channels rapidly desensitized at very low glycine, the open time would have to be <1 msec for us to see no response. Such brief openings would require desensitization considerably more rapid than that observed for quisqualate receptors in chicken neurons (6 msec time constant; ref. 28) and also much more rapid than observed for NMDA receptors in cultured neurons (e.g., ref. 22) . Furthermore, in oocytes the time constant of desensitization did not change over the range 30-300 nM glycine, indicating that desensitization does not get gradually faster as glycine level is lowered. In neurons, glycine appears to accelerate recovery from desensitization with little effect on rate of onset (22) . The large diameter of the oocyte precluded sufficiently rapid solution changes to measure the time course of recovery from desensitization.
One way to display glycine's effect on desensitization is to plot the steady-state to peak ratio as a function of glycine concentration (Fig. 4C) . If steady-state and peak responses are each described by Hill relations with coefficients ofunity, the ratio r of steady state to peak will be given by r = R([Gly] + Kdp)/([Gly] + Kdss), where Kdss is the apparent affinity for glycine at the steady state, Kdp is the apparent affinity for glycine at the peak, and R is the ratio of response amplitudes at saturating glycine. The limit of this equation as glycine approaches zero is R(Kdp/Kds), which is greater than zero. Experimental points were reasonably well fitted by this equation using the Kd values calculated from dose-response curves. Although the Hill equation extrapolates to zero at zero agonist concentration, this equation has been fitted to glycine modulation of desensitization of NMDA receptors measured as steady-state to peak ratios (22) .
At 100 ,uM NMDA, desensitization was almost abolished at saturating concentrations of glycine. Higher NMDA concentrations, and consequently higher receptor occupancy, increased and slightly speeded desensitization at low levels of glycine (30-300 nM) . Even at high glycine a substantial amount of decay remained, but the process became complicated by the presence of a more slowly developing component. Since this component was potentiated by increasing the extracellular concentration of Ca2+, it may represent a secondary process triggered by Ca2+ influx. However, the glycine-sensitive desensitization (the faster process) also appeared to be somewhat increased at higher extracellular Ca +. Ca2 -induced increases of desensitization of NMDA receptors have also been observed in chicken and mouse spinal cord neurons (29) (30) (31) . The mechanism by which Ca2+ influences desensitization of NMDA receptors is not known and deserves further study. Ca2+ is required for desensitization of acetylcholine responses of neuromuscular junctions (e.g., refs. 32, 33), and some mechanisms may be common to NMDA and cholinergic receptors.
The time course of glycine-sensitive desensitization of NMDA receptors is slower in oocytes than in cultured mouse hippocampal neurons. In oocytes, the time constant for onset of desensitization is about 460 msec at 100 ,M NMDA and 350 msec at 500 ,uM, whereas Mayer et al. (22) reported time constants of 220-277 msec at 100 ,uM NMDA. This difference may reflect the differences in membrane environment or in the NMDA receptor expressed in the two systems. In addition, desensitization time courses may vary between species (34). Recently it was reported that NMDA receptors in outside-out patches exhibit desensitization that is glycine and Ca2+ insensitive (31) . This interesting result suggests that cytoplasmic factors regulate desensitization; these factors should then be common in neurons and in oocytes.
We conclude that adult rat brain NMDA-activated channels expressed in oocytes are not opened by NMDA unless glycine is present. NMDA responses showed two distinct forms of decay with different time constants. Though both seem to be affected by Ca2", only the faster component is reduced by glycine and appears to be true desensitization. In the intact nervous system, the relative degree of each will ultimately be determined by the concentration of glutamate, glycine and Ca2l in the extracellular fluid. 
